Optical communication networks (OCNs) provide promising and cost-effective support for the ultra-fast broadband solutions, thus enabling them to address the ever growing demands of telecommunication industry such as high capacity and end users' data rate. OCNs are used in both wired and wireless access networks as they offer many advantages over conventional copper wire transmission such as low power consumption, low cost, ultra-high bandwidth, and high transmission rates. Channel effects caused by light propagation through the fiber limits the performance, hence the data rate of the overall transmission. To achieve the maximum performance gain in terms of transmission rate through the OCN, an optical downlink system is investigated in this paper using feed forward equalizer (FFE) along with decision feedback equalizer (DFE). The simulation results show that the proposed technique plays a key role in dispersion mitigation in multi-channel optical transmission to uphold multi-Gb/s transmission. Moreover, bit error rate (BER) and quality factor (Q-factor) below 10 −5 and above 5, respectively, are achieved with electrical domain equalizers for the OCN in the presence of multiple distortion effects showing the effectiveness of the proposed adaptive equalization techniques.
Introduction
Multi-signal transmission over a single physical channel is considered a major breakthrough in telecommunications technologies [1] , to transport multiple user signals with different modulation formats, data rate, and applications. Recent developments in mobile broadband services have resulted in a surge of users data traffic, which has, in turn, posed a challenge to provide a low-cost and ultra-high capacity solution for the backbone network [1, 2] . For this reason, optical communication networks (OCNs) have been of great interest to the researchers for the past few decades, as optical fibers provide wide bandwidth and are cost effective. With the development of wide band components for optical fibers in the recent decade, they have now become fundamental part of terrestrial and two regimes: multicore fibers and multimode fibers. A crucial factor in both schemes is the ability to separate the channels to limit the cross talk. The multicore fiber is not strictly within the regime of HOMs but is nonetheless briefly reviewed. The multicore fiber has a number of single mode cores, which may either work in a decoupled manner or a coupled manner with a number of super modes. Up to 30 separate cores [16] within a limited fiber diameter (200 µm) have been demonstrated. This is, however, a constantly improving number [17] . In this paper, multi-channel OCN is proposed, where CD and PMD losses are mitigated by implementing decision feed forward equalization (FFE) [18] and decision feedback equalization (DFE) [19] techniques. FFE and DFE techniques are combined in an electronic equalizer block to be used for dispersion mitigation in the presented model of an OCN.
Paper Contributions
As communication systems are rapidly becoming part of daily life, the end user expects the modern systems to provide high reliability, secure transfer of data, and high data rates, and should be low cost. Much has been enabled by the use of OCNs for single wavelength applications, but support for multiple users is still a challenge to accommodate the large number of anticipated users for future systems [20] . Hence, a multi-channel OCN model is presented in this paper. The dispersions, such as CD and PMD, generated due to multi carrier transmission over OCNs, are successfully mitigated by implementing FFE and DFE methods. The proposed model shows significant results in terms of BER, optical signal-to-noise ratio (OSNR), and quality factor (Q-factor). The prime contributions of this paper are given as follows:
1. Multi-channel transmission degrades the OCN's performance due to extra induced dispersion in the system. Hence, a simple network model is proposed based on FFE and DFE elements. An electronic equalizer (EE) component is installed in the proposed system model for the above-mentioned techniques. As a result, this procedure has made the proposed model simple and cost effective. 2. FFE and DFE are investigated in this set up analytically based on their block models. The models are designed individually and jointly for both FFE and DFE techniques. From simulation results, it is achieved that joint operation of FFE and DFE has more efficiency against dispersion instead of working individually. 3. The proposed model is also analyzed in terms of eye-diagrams. The eye-diagrams clearly show that the equalization improves the quality of multi-channel transmission, and hence improved performance can be achieved as compared with the OCN without equalization. BER below 10 −5 and Q-factor of more than 5 are achieved through simulation, which shows better efficiency as compared with other models, which were presented in [14] [15] [16] [17] [18] .
The rest of the paper is organized as follows. Section 2 explains the proposed network architecture. Section 3 describes the technical background. Section 4 consists of results and discussion. The paper is concluded in Section 5.
Network Layout
To accommodate many users, multi-channel transmission model is one of the promising solutions. However, this model also contributes to the additional dispersion effects of the system. The proposed layout in this work is of an effective equalizer for the OCN, in order to minimize the effects from the optical transmission and increase the system's performance. In this section, the proposed network architecture is explained, as shown in Figure 1 , to demonstrate the system components and their parametric values, which have been used to analyze the multi-channel OCN transmission. The elements such as pseudo random bit sequence (PRBS) generator, continuous wave laser (CWL), non-return to zero (NRZ) pulse shaper, Mach-Zehnder modulator (MZM), optical DWDM multiplexer (MUX), single mode fiber (SMF), erbium doped fiber amplifier (EDFA), optical Gaussian filter, polarization controller (PC) to reduce the polarization dependent losses, positive intrinsic negative (PIN) photodiode, band pass Gaussian filter, signal analyzers, EE, and 3R-regenerator (3R-regenerator means re-amplification, re-shaping and re-timing) are used in the proposed system for simulations.
In the OCNs, the data are transmitted over fiber in the form of light. For each user unit, the PRBS module generates stream of bits and defines the data rate of the system. These generated bits are then converted to electrical signals using NRZ module whose output is given as input to the MZM modulator. MZM is used as an external modulator which modulates the input radio frequency (RF) data signal on to the optical wavelength. The MZM is biased at quadrature point to provide maximum linearity in data modulation. The output of the MZM from each user unit is combined using a DWDM multiplexer, whose output is transmitted over SMF from the central station to the base station. The 16 total channels are combined to make a composite DWDM signal, which is transported over the single fiber link. The fiber consists of constant 0.2 dB/km attenuation losses; hence, increasing the fiber length will result in increasing the propagation losses and, consequently, CD and PMD effects will also be increased. To compensate the attenuation losses, EDFA amplifier (10 dB gain for every 50 km SMF span) is used in the system. At the other end of transmission, an optical filter is used to retrieve the data for a particular user (to perform performance analysis). The use of optical filter, and a RF filter after the PIN diode, removes the out-of-band noise from the user's data. PIN photodiode is used at the receiver end to convert optical data into electrical signals. Due to high dispersion losses, the data will not be in its original form after covering a long distance. Therefore, equalization techniques have been used to retrieve the original form of data. Re-amplification, re-shaping, and re-timing are the functions embedded in the 3R-regenerator. The purpose of BER analyzer is to investigate received signals in terms of BER, Q-factor and eye-diagrams. 
Electronic Compensation
The electronic compensation technique is used to filter the desired signals from the noisy data at user end. Similarly, it also overcomes the channel effects which are related to the RF processing steps involved at the user end. It is a cost effective approach as additional components are not required for its implementation at both transmitter and receiver end. Electronic compensation does not cause signal attenuation because this type of signal processing is performed at the extreme end of the transmission system, i.e., at the user end. It also provides the flexibility to add new sets of users to the multi-channel model, without affecting the overall downlink set up [21] . All the above-mentioned pros are achieved at the cost of few features, such as limited bandwidth and interference from surrounding devices, as compared to their optical counterparts. Different techniques are used for the electronic compensation process, such as feed forward decision feedback equalizer (FF-DFE) [22] , nonlinear FF-DFE (NL-FF-DFE) [23] , and maximum likelihood sequence estimator (MLSE) [24] . All these techniques have been studied previously to mitigate the channel effects from wireless transmission.
The first two techniques can be used in cascade and are combined as EE to analyze their performance for mitigation of dispersion.
The block diagram of the steps involved at the base station is shown in Figure 2 , where EE block is installed at the end of transmission. Figure 2 shows a set of users at the central station and a composite multi-channel signal is formed by combining the output of each user. The multi-channel signal is transported over 300 km of optical fiber to the base station and suffers from severe dispersion effects which are effectively shown as κ(z) (channel response). At the base station, the signal is recovered by using a wide band photo detector. To compensate the unwanted signals, a combined equalizer is used at the end of the system. The signal analyzer is used to check the signal performance in terms of different performance metrics, such as BER, Q-factor, and eye-diagram. In this paper, we propose the use of EE to be used at the receiver end by employing the electronic equalizer block. At the receiver end, it abates inter symbol interference (ISI) and error free signal is demodulated to obtain the sent sequence. For the simulations, a commercial software package Optisystem was used. The components used in the proposed set up are not available for experimental analysis; hence, Optisystem simulations were used to model the components and obtain results. 
Chromatic Dispersion
In OCN, each wavelength consists of ON/OFF flashes of light to perform the modulation of data. Spreading of optical pulses phenomenon occurs after traveling through several km in optical medium and this effect is known as dispersion [25] . Different wavelengths travel at slightly different speeds in OCNs. The dispersion which is caused due to variation of core refractive index is known as material dispersion [25] . However, some optical pulses end up in propagating through the cladding of the fiber, where the speed of pulse is different from the speed of light signal in the core. This effect is called wave-guide dispersion. The combined effect of wave-guide and material dispersions gives a common effect known as CD . Pulse broadening problem rises due to CD, as shown in Figure 3 . Hence, in this paper, we mitigate CD losses using DEF/FFE techniques. 
Polarization Mode Dispersion
This factor exists in SMF, when orthogonality between the two fundamental modes is disturbed, as shown in Figure 4 . These modes are orthogonally polarized and coexist in SMF. A delay time difference occurs among these two orthogonally polarized modes, due to small perturbation inside the optical fiber. The impairments generated by this phenomenon are called PMD [26] . The impairments caused by the dispersion are more severe in the case of multi carrier OCN and, hence, affect the overall optical system efficiency. Therefore, PMD monitoring is needed by using network management or compensation techniques. In this paper, we implement DFE/FFE, Gaussian band pass filter, and Gaussian optical filter to minimize the effects of PMD and CD for multi carrier OCNs. In this section, we highlight the CD and PMD impairments, and the procedures on how to compensate these issues and propose OCN model. In the next section, we discuss technical background of the FFE/DFE techniques, which are used for CD and PMD minimization in multi carrier OCNs. 
Technical Background
The considered OCN aims to transmit multi carrier signals over long distance, with minimum dispersions effects. We implement FFE and DFE equalization techniques to control the effect of high order dispersion effects in long distance and multi carrier transmission over SMF.
Feed Forward Equalization
The mitigation of the model dispersion can be achieved at the user end with signal processing, majorly employing adaptive equalization techniques, through which the compensation is achieved when linear time invariant model of the implemented equalizer approaches the channel-response of the SMF. The two similar but opposite responses cancel out the effect of each other and hence the received signal is free from any channel effects. The effects of model dispersion in the form of linear and slow-varying system are given in Equation (1) [27, 28] :
where ψ(z) describes modulated signal and can be extended as
Here, p(z) denotes pulse shape, z is propagated per bit interval, κ(τ, z) shows the equivalent impulse response of the transmission fiber, and ϑ(z) is the additive noise.
If g(z) denotes the convolution of the transmitted pulse with the channel impulse response [29] , we can write g(z) = κ(z) * p(z).
As κ(z) is time-invariant, i.e., κ(τ, z) = κ(τ), considering the PBRS output d[t], the r(z) can be expressed as follows (Equation (4) [27] :
Thus, an optical matched filter on the receiver side is used to the transmitted pulse g(z). Subsequently, sampling the outcome of this matched filter at intervals, the communicated bit sequence
This shows that distortion among the optical pulses can be suppressed by using adaptive equalization [30] . A finite impulse response (FIR) filter is used for the FFE method [31] , whose output is shown in Equation (6) as
where the delay-line spacing for N number of taps for the equalizer is Z and the kth coefficient of filter is C k , which is evaluated by using any of the LMS or MMSE schemes. The schematic diagram of FFE is shown in Figure 5 . 
Decision Feedback Equalization
The equalizer for slow frequency selective channels can be selected to work on the principle of FFE; however, its performance degrades for channels having high spectral width. In contrast, DFE helps to solve wide spectral width problem in transmitted channels. A typical DFE consists of FFE with additional filters, as shown in Figure 6 , where it can be seen that extra filters are used for further corrections using the past and current output. DFE takes the output of FFE as an input and further improves the data by using a feedback equalizer. The DFE outcomes with linear feedback filter [32] can be expressed as
where LMS coefficient updates are determined as
Hence, due to the above-mentioned features of FFE and DFE, we use DFE and FFE methods in our proposed work to mitigate CD and PMD. Analytical modeling of FFE and DFE is presented in this section with the aim to understand their operation in mitigating the channel effects. The next section explains the simulation results based on the network model and theoretical approach.
Results and Discussion
This section explains the obtained results from the proposed model. The simulations were performed using Optisystem, which enables designing, analyzing, and simulating optoelectronics and fiber optics used in OCNs. Moreover, it provides scalability through the ease of connection with other softwares such as MATLAB. EE is one of the important parameters which exists in Optisystem software. FFE and DFE techniques are applied by using EE element, whose purpose is to mitigate CD and PMD impairments. The solutions of the proposed model enable high spectral efficiency and flexibility to up-scale the system. The parameters used for the proposed OCN are listed in Table 1 .
The graphical results of the simulation data and comparison with and without equalization OCN with 10, 40 and 60 Gbps data rates are presented in Figures 7-9 . For transmission distance beyond 300 km on a SMF, the results compare received power with BER without and with equalization in Figure 7a -c for 10, 40 and 100 Gbps data rates, respectively. The results show that EE achieves performance gain above 3 dBm for BER between 10 −5 and 10 −16 as compared to an OCN without equalizer after 100 km transmission distance.
Similarly, Figure 8a -c shows results in terms of BER against transmission length. The results are compared with and without DEF/FFE employed networks at 10, 40 and 100 Gbps speed. From these results, it is clear that the value of BER rises with increasing transmission fiber length. The results also indicate that the performance of the proposed system with set of equalizers is more efficient than without equalizer. Without equalization, the system performance degrades significantly after 100 km length of fiber. Without equalizer, the achieved BER for transmission distance of 50 km is recorded above 10 −17 . However, in contrast, our results show BER below 10 −22 . This is beneficial in terms of high data rate transmission. These figures indicate that the performance gain of the proposed OCN at 10, 40 and 100 Gbps speed are better than without equalization OCN. Moreover, we analyzed OCN performance in terms of Q-factor with and without equalization at 10, 40 and 100 Gbps data rates. The results of the proposed OCN are presented in Figure 9a -c in terms of Q-factor against length of the fiber at 10, 40 and 100 Gbps, respectively. The results are accurate below 100 km due to fewer dispersion losses in the considered OCN. Dispersion of the system depends upon the length of the fiber, and rises as the length of the fiber increases, and, hence, the system performance degrades. It is evident from the results in Figure 9a that CD and PMD losses are treated up to 300 km of length with less error by using DFE/FFE based techniques. Similarly, Figure 9a -c displays that the CD and PMD effects become severer at higher data rates. It is also evident from the figures that the tolerance against CD and PMD effects are stronger as compared to the OCN without equalization.
Furthermore, Figures 10 and 11 present eye-diagrams of the results. These open eye-diagrams show improvement in the quality of the received signal. The behavior of the proposed system performance can also be viewed from these eye-diagrams. In these diagrams, many signals are superimposed on each other. From its appearance, various parameters such as noise, jitter, ISI, and signal distortion are estimated. The clear and wide eye shows that efficient and error free transmission has been achieved from the proposed set up. Figure 10 shows that the OCN without equalization presents worse performance as compared to the OCN with equalization depicted in Figure 11 . The size of eye opening in Figure 11 is larger than the one in Figure 10 , which indicates that the error rate of the proposed model is lower than the system without FFE/DFE employment. 
Conclusions
An optical fiber system accommodates many users, where they can avail high capacity and data rate services. However, multi carrier OCN faces severe dispersion effects such as CD and PMD losses. In this paper, we use DFE and FFE techniques to compensate these losses in OCNs. These mentioned techniques optimize the existing OCNs and meet the requirements of end users' high data rate demands. Furthermore, in this paper, performance analyses with and without DFE/FFE equalization for CD and PMD compensation are compared. Moreover, the effect of equalization for pre and post compensation of CD and PMD is investigated. Using adaptive equalization techniques at high data rates, the proposed system achieves significant dispersion compensations in terms of improved BER and Q-factor.
